Long-term, subcutaneously implanted continuous glucose biosensors have the potential to improve diabetes management and reduce associated complications. However, the innate foreign body reaction (FBR) both alters the local glucose concentrations in the surrounding tissues and compromises glucose diffusion to the biosensor due to the recruitment of highmetabolizing inflammatory cells and the formation of a dense, collagenous fibrous capsule. Minimizing the FBR has mainly focused on "passively antifouling" materials that reduce initial cellular attachment, including poly(ethylene glycol) (PEG). Instead, the membrane reported herein utilizes an "actively antifouling" or "self-cleaning" mechanism to inhibit cellular attachment through continuous, cyclic deswelling/reswelling in response to normal temperature fluctuations of the subcutaneous tissue. This thermoresponsive double network (DN) membrane is based on N-isopropylacrylamide (NIPAAm) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS) (75:25 and 100:0 NIPAAm:AMPS in the 1st and 2nd networks, respectively; "DN-25%"). The extent of the FBR reaction of a subcutaneously implanted DN-25% cylindrical membrane was evaluated in rodents in parallel with a PEG-diacrylate (PEG-DA) hydrogel as an established benchmark biocompatible control. Notably, the DN-25% implants were more than 25× stronger and tougher than the PEG-DA implants while maintaining a modulus near that of subcutaneous tissue. From examining the FBR at 7, 30 and 90 days after implantation, the thermoresponsive DN-25% implants demonstrated a rapid healing response and a minimal fibrous capsule (~20-25 µm), similar to the PEG-DA implants. Thus, the dynamic self-cleaning mechanism of the DN-25% membranes represents a new approach to limit the FBR while achieving the durability necessary for long-term implantable glucose biosensors.
Introduction
Current commercial continuous glucose monitors (CGMs) are limited to~7-14 days of use before replacement of the transcutaneous electrode is required due to a combination of biofouling, fluctuations in local analyte levels via metabolic reactions and irritation/infection at the implant site [1] [2] [3] [4] . The first fully subcutaneous CGM, using fluorescent-based glucose detection, has recently received FDA approval but must be replaced after three months or less [5] . To extend the lifetime of transcutaneous and subcutaneous biosensors, it is essential to minimize the innate inflammatory response and foreign body reaction (FBR) while also maintaining requisite mechanical properties for long-term durability. Broadly, the normal progression seen immediately after implantation includes the recruitment of proteins and cells to the implant site during acute inflammation (days to weeks) which resolves through the encapsulation of the foreign material with dense, avascular collagenous tissue that may be 30 to >200-µm-thick [6] [7] [8] (weeks to months) [9, 10] . Thicker fibrous capsules can significantly inhibit analyte diffusion to the biosensor, ultimately diminishing its function [1, 8, 11] . Furthermore, the local glucose concentrations are influenced by high-metabolizing inflammatory cells, primarily macrophages, which are recruited during acute inflammation and persist throughout the FBR [1, 3, 12] . Therefore, a method to reduce the extent of fibrous encapsulation and accelerate the clearance of inflammatory cells could significantly improve the longevity of implantable glucose biosensors.
To overcome these challenges, most prior efforts have focused on "passively antifouling" membranes that use a hydration layer to minimize initial protein and cell adhesion, including hydrogel coatings (i.e. PEG [13, 14] and PHEMA [15, 16] ), surface functionalization [17] and biomimetic coatings [18, 19] . However, in vivo results have been inconsistent, possibly due to the inability to prevent non-specific protein adhesion and thus cellular adhesion long-term as well as their lack of durability (i.e. coating degradation or de-lamination) [20] . Alternatively, porous materials have been utilized to encourage ingrowth of the surrounding tissue and to promote neovascularization to decrease the lag time of interstitial tissue analytes to the biosensor [20] [21] [22] . Although these porous implants have shown promising results for increasing the rate of transport of small molecules to biosensors, the continued presence of macrophages and other high-metabolizing cells could potentially impact glucose sensor functionality [21] .
While multiple studies utilized passively antifouling materials to minimize the FBR around subcutaneous implants [13] [14] [15] [16] [17] [18] [19] , none to our knowledge have explored a dynamic "self-cleaning" strategy. Thus, we have reported self-cleaning membranes based on thermoresponsive poly (N-isopropylacrylamide) (PNIPAAm) hydrogels whose cyclical deswelling/reswelling at temperatures above and below, respectively, their volume phase transition temperature (VPTT) may minimize biofouling and the FBR of subcutaneously implanted glucose biosensors [23, 24] . Moreover, we anticipate that such membranes could be used to contain a liquid glucose sensing assay [25, 26] to form an electronics-free, subcutaneously implantable glucose biosensor that could be used with a wearable, optical detection method. In our previous study [23] , we demonstrated the ability of a cylindrical thermoresponsive, nanocomposite membrane to minimize the fibrous capsule formation when implanted into the subcutaneous tissue of a rodent model. These double network nanocomposite (DNNC) hydrogels were composed of two asymmetrically crosslinked, PNIPAAm-co-poly(N-vinylpyrrolidone)
[P(NIPAAm-co-NVP)] networks with polysiloxane nanoparticles embedded within the 1st network to enhance swelling kinetics. By precisely tuning the DNNC membrane's VPTT [onset (T onset )~36.5°C, maximum (T max )~39.5°C], dynamic selfcleaning based on cyclic deswelling and reswelling would be triggered by natural body temperature fluctuations of rats (T rat~3 7-38°C [27] [28] [29] ). This resulted in a favorably thin fibrous capsule (~30 µm) and an increase in local vascularization compared to a stiff PEG-DA control (i.e. prepared from low molecular weight PEG-DA, 575 g/mol, 100%) [23] . However, this DNNC membrane also displayed low mechanical strength (~0.4 MPa) [30] which could potentially lead to poor long-term durability. In our later studies, to enhance membrane mechanical properties for improved biosensor longevity, an electrostatic comonomer was incorporated into the 1st network of a PNIPAAm-based DN hydrogel [31] . Denoted as DN-25%, these membranes were composed of a tightly crosslinked 1st network of NIPAAm copolymerized with 2-acrylamido-2-methylpropane sulfonic acid (AMPS) at a wt% ratio of 75:25 (NIPAAm:AMPS) and a loosely crosslinked 2nd network of NIPAAm copolymerized with NVP to tune the VPTT [24] . These in vitro studies on DN-25% planar hydrogels confirmed the simultaneous enhancement of mechanical strength and hydration due to the incorporation of the negatively charged AMPS comonomer as well as cytocompatibility and successful thermally-driven release of cultured fibroblasts [24, 31] .
Herein, we sought to examine the effect of a DN-25% membrane implant on the FBR and fibrous capsule formation when implanted in a subcutaneous rodent model experiencing normal local body temperature fluctuations (i.e. without an external transdermal heating device). As for our earlier study [23] , the DN-25% VPTT was precisely tuned (T onset~3 6.5°C; T max of~41°C) such that, throughout the cyclical deswelling/reswelling in response to body temperature fluctuations, the membrane would change in diameter~20-25 µm (~1% of total diameter) while primarily remaining in a hydrated, swollen state, thereby maximizing the potential for glucose diffusion. A conventional PEG-DA hydrogel (3.4 kDa, 10 wt%) was implanted in parallel to provide a benchmark tissue response to a passively antifouling hydrogel with well-established biocompatibility. Since both the DN-25% and PEG-DA hydrogels displayed moduli similar to the native subcutaneous and dermis tissues (E~0.01-0.25 MPa) [32] [33] [34] , adverse contributions due to shear stresses were avoided. Both hydrogels were fabricated as small, cylindrical membranes (~2.5 × 5 mm, diameter × length), representing a plausible geometry for a membrane-coated glucose biosensor that permits implantation via injection to minimize local injury. The mechanical integrity, including the modulus, strength and toughness, of both DN-25% and PEG-DA implants were evaluated prior to implantation. To examine overall biocompatibility, both types of implants were injected subcutaneously via trocar needle into the dorsal of CD ® Hairless rats (N = 33, male,~8 weeks old, Charles 
Preparation of thermoresponsive DN hydrogels ("DN-25%")
The thermoresponsive DN hydrogels were formed through a sequential, two step UV-cure process. The 1st network precursor solution consisted of NIPAAm monomer (0.75 g), AMPS monomer (0.25 g, 75:25 wt% NIPAAm:AMPS), BIS crosslinker (0.04 g), Irgacure-2959 photoinitiator (0.08 g) and DI water (7.0 mL). The 2nd network precursor solution was formed by combining NIPAAm (6.0 g), NVP (0.96 g), BIS (0.012 g), Irgacure 2959 (0.24 g), and DI H 2 O (21.0 mL). The thermoresponsive DN hydrogels are denoted as "DN-25%" where 25% equals the wt% of AMPS in the 1st network's NIPAAm:AMPS wt% ratio. Cylindrical hydrogels (~2.5 × 5 mm, diameter × length) were prepared by pipetting the 1st network precursor solution into a cylindrical glass mold (inside diameter =~1 mm, length = 10 mm) and sealing the open ends with Parafilm®. The mold was immersed in an ice water bath and exposed for 30 min to longwave UV light. Cylindrical hydrogels were removed from their molds, rinsed with DI, and soaked in a Petri dish containing DI for 2 days at RT with daily water changes. The resulting single network (SN) cylindrical hydrogels were then transferred into a Petri dish containing the 2nd network precursor solution for 48 h at 2°C. Next, the cylindrical hydrogel was wrapped in Saran wrap, submerged in an ice water bath, exposed for 10 min to longwave UV light, and soaked in DI as above. The final swollen diameter was~2.5 mm and a clean razor blade was lastly used to trim ends to achieve a cylindrical length of 5 mm.
Preparation of non-thermoresponsive PEG-DA hydrogels ("PEG-DA")
The conventional PEG-DA hydrogels were formed through a one-step UV-cure process. The precursor solution consisted of PEG-DA (0.1 g, 3.4 k g/mol, synthesized as previously reported) [35, 36] , 30 wt% DMAP in NVP (10 µL) and DI water (1.0 mL). The PEG-DA hydrogels are denoted as "PEG-DA". Cylindrical hydrogels (~2.5 × 5 mm, diameter × length) were prepared by pipetting the 1st network precursor solution into a cylindrical glass mold (inside diameter =~2.4 mm, length = 10 mm) and sealing the open ends with Parafilm ® . The mold was exposed for 2 min at RT to longwave UV light. Cylindrical hydrogels were removed from their molds, rinsed with DI, and soaked in a Petri dish containing DI for 2 days at RT with daily water changes. The final swollen diameter was~2.5 mm and a clean razor blade was used to trim ends to achieve a cylindrical length of 5 mm.
Mechanical testing of hydrogel implants
The mechanical properties of the DN-25% and PEG-DA hydrogel cylindrical rods were analyzed with an Instron 3340 at RT under static compression at a rate of 1 mm min -1 until fracture. The as-prepared implants were sliced into cylindrical cross-sections (~2.5 × 2 mm, diameter×length) and tested in replicate (N = 4). The elastic compressive modulus (E) was obtained from the slope of the linear portion of the stress-strain curve from 0% to 10% strain. The ultimate compressive strength (σ f ) and the % strain at break (ε f ) were defined, respectfully, as the stress and strain values at the point of fracture. Finally, the toughness was obtained from the integration of the stress-strain curve. GraphpadPrism was used to analyze statistical significance (p < 0.05) between the DN-25% and PEG-DA implants through student's t tests using Welch's correction.
Implantation
For each time point (7, 30 and 90 days), each animal (N = 11) were implanted with one thermoresponsive DN-25%
and one conventional PEG-DA hydrogels (~2.5 × 5 mm, diameter × length). Prior to implantation, all cylindrical hydrogels were sterilized by soaking in 70% ethanol for 45 min, then transferring into sterile PBS for three consecutive 30 min washes, followed by two overnight soaks in fresh PBS. Using isoflurane by inhalation, animals were anesthetized and anesthesia depth was tested by foot pinch reaction. Sterile trocar needles (10 G; inner diameter = 2.7 mm, Innovative Research of America) were utilized to inject one DN-25% and one PEG-DA cylindrical hydrogel into the subcutaneous tissue (2-3 mm in depth) in the dorsal side of CD® Hairless rats (N = 33, male,~8 weeks old, Charles River Laboratories). For animals designated for the 90 day studies, a cellophane tape debridement method followed by a small incision was utilized prior to injection via trocar needle. The CD® Hairless rats were chosen to avoid shaving of the implant site that commonly results in undesirable skin irritation. Male rats were selected for their wellestablished body temperature fluctuations, ranging from 37.0 to 38.0°C [27, 28] . Following implantation, the injection site was closed with surgical adhesive ( 
Histological evaluation
At 7, 30 or 90 days post-implantation, the designated 11 animals were euthanized by CO 2 asphyxiation, photographed, evaluated for gross changes and immediately fixed in 10% neutral buffered formalin for two weeks. Implants and their surrounding tissue were removed and processed for histology by serial dehydration, paraffin embedding, sectioning, and staining (hematoxylin and eosin (H&E), Masson's trichrome). All morphometric analysis was performed in the Cardiovascular Pathology Laboratory (CVP) in the College of Veterinary Medicine & Biomedical Sciences at Texas A&M University by a board certified pathologist (Dr Fred Clubb, DVM) that remained blinded throughout the study. Each tissue cross-section was scanned to enable consistent viewing at 100× using OlyVIA Olympus slide-viewing software during analysis to provide a standard field of view. To quantify the cell types and fibrotic tissue present in the capsule surrounding the hydrogel cylinders, the tissue cross-sections were divided into 4 sectors (Fig. S1 ). To examine cellular response, 100 cells per sector were identified manually by established morphometric parameters as neutrophils, eosinophils, lymphocytes, erythrophagocytosis, hemosiderin-laden macrophages, macrophages, fibroblasts, fibrocytes or multinucleated giant cells (MNGCs). The percentages of each cell type were calculated for each sector and averaged, giving an average cellular presence around each implant type per animal. These values were then averaged over all animals for each implant type to get the final reported percentages at each time point. Additionally, in each sector the presence of capillaries, fibrin, loose collagen and dense collagen was recorded as (−) indicating little to no presence, (±) indicating low presence or (+) indicating high presence. Finally, a healing score was assigned to each sector utilizing a criteria (Table S1 ) previously established in the CVP lab [23] as a rating of overall healing in each region.
Fibrous capsule thickness was measured at 8 distinct locations, 12:00 corresponding to the most superior point of the capsule nearest the dermis and 6:00 corresponding to the most inferior point of the capsule (Fig. S1 ). The depth of the implant (2-3 mm, Fig. S2 ) was determined from the outermost edge of the dermis to the interface of the implant with the tissue at the 12:00 position. Furthermore, the diameter of each hydrogel cylinder was measured from the 12:00 to 6:00 position (perpendicular to the dermis) and the 3:00 to 9:00 position (parallel to the dermis). All capsule measurements were performed blinded to avoid potential bias. GraphpadPrism was used to analyze statistical significance (p < 0.05) between the DN-25% and PEG-DA implants through multiple t tests or one-way ANOVA (Sidak's multiple comparisons test) for all histological analyses.
Results and discussion

Mechanical properties
The mechanical properties of a membrane for an implantable glucose biosensor are of critical importance to performance and longevity. A narrow, cylindrical geometry affords simple implantation via injection and also minimizes injury to the surrounding tissue. Thus, the membrane must withstand the forces of initial implantation as well as those of everyday activities which may vary depending on implant location. For instance, the wrist represents a potentially desirable location of a subcutaneous glucose biosensor as it could be coupled with a wearable "watchlike" detection device. While many variables may contribute to the impact forces experienced by a subcutaneously implanted biosensor, we hypothesized that a compressive strength of >1 MPa could ensure integrity during most common activities. For example, the force of impact due to a short fall onto outstretched hands has been reported to produce a stress of up to~0.8 MPa on the palm [37] . To evaluate the compressive strength of the implants, the cylindrical membrane implants were prepared then cut cross-sectionally into discs (~2.5 mm ×~1 mm, diameter×thickness) and compressed until fracture. Notably, the DN-25% membranes exhibited high strength (3.34 MPa) and toughness (446.8 kJ m −3 ), greater than 25× that of the PEG-DA membranes (0.13 MPa and 14.8 kJ m −3 , respectively) (Fig. 1) . This enhancement in strength and toughness compared to a conventional hydrogel is expected to provide improved durability. However, it is also important that the membrane stiffness does not greatly exceed that of the local subcutaneous and dermis tissues (E~0.01-0.25 MPa) [32] [33] [34] in order to minimize local shear stress that can lead to a more severe FBR [38] . As such, studies have demonstrated that decreasing the modulus of hydrogel implants can improve the FBR and even reduce fibrous capsule formation [39] . In our study, both types of membranes displayed moduli near that of the surrounding tissue, with DN-25% having a modulus (~0.50 MPa)~2× higher than that of PEG-DA (~0.22 MPa) (Fig. 1c) . Further, these moduli values are much lower than that of transcutaneous metallic CGM electrodes (~GPa). Thus, the DN-25% membrane maintains an elastic modulus in the sub-MPa range, relatively close to that of the surrounding subcutaneous tissue, while providing a significantly higher strength and toughness than most standard hydrogels with established biocompatibilities, including the PEG-DA implants.
Implantation
Implantation of the 7 & 30 day time points resulted in small amounts of keratin debris within the subcutaneous tissue that was pulled in alongside the trocar needle during insertion. Due to its inflammatory nature, this keratin was thought to have produced the observed localized pyogranulomas surrounding the debris. These keratin pyogranulomas were shown to be independent of capsular fibrosis, capsular inflammation and gel composition at both 7 and 30 days. To avoid this in later studies (i.e. the 90 day time point), a cellophane tape debridement method was used to remove any loose keratin on the dermis before making a small incision to allow for easy insertion of the trocar needle into the dorsal subcutaneous tissue of the rats. No keratin debris was observed at the 90 day time points. The observed depth of implantation at each time point was not significantly different between implant types and their diameters remained similar to the initial implant diameters (~2.5 mm) across all time points (Fig. S2 ).
Cellular response
The cell types present in the capsular tissue surrounding the hydrogel implants are a major indicator for the overall implant biocompatibility and the stage of healing. For a biocompatible implant, a standard wound healing response (Fig. 2 ) will inevitably occur due to acute injury caused during implantation [40] [41] [42] . Any cellular presence other than what is recruited in this natural response would suggest that the implant could be intensifying or prolonging the normal inflammatory reaction. Typically, at 7 days, it is expected that most neutrophils will have been cleared and macrophages and fibroblasts as well as potentially low numbers of lymphocytes will have been recruited to the area. For a biocompatible implant, as acute inflammation transitions into the early stages of healing at 30 days, macrophages and few lymphocytes will still be present and the ratio of inactive fibrocytes to active fibroblasts will begin to increase as the healing process of fibrosis begins. Progressing into the later stages of healing at 90 days, some macrophages and fibroblasts may remain and the presence of fibrocytes will increase to form a mature fibrous capsule. Herein, this expected cellular response to injury was used as the basis to evaluate the response in the tissue surrounding the DN-25%. Moreover, results were compared to that of the PEG-DA membrane as it was anticipated to produce a benchmark, biocompatible response. As described below, the quantification of each major cell type, including neutrophils, macrophages, fibroblasts and fibrocytes, was utilized to evaluate the overall progression towards resolution of the capsular tissue adjacent to the thermoresponsive implant surfaces. At 7 days, we found <5% neutrophils around the thermoresponsive DN-25% cylindrical membranes and no presence of neutrophils at both 30 and 90 days (Fig. 3) . This indicated normal resolution of acute inflammation. Furthermore, if a more chronic inflammatory response had ensued, an increase in lymphocytes and plasma cells would have been observed [40] . Low percentages of lymphocytes (<5%) were observed around the DN-25% implants at 7 and 30 days, dropping to <1% by 90 days. Plasma cells and other inflammatory cells, such as eosinophils, were also absent at all time points in the capsular tissue surrounding the implants. As expected, a similarly mild response was seen around the PEG-DA implants. Therefore, the DN-25% implants did not elicit observable chronic inflammation but rather a normal wound healing response. Additionally, macrophages play a major role in inflammation as well as healing. These cells are recruited early to the site of injury and remain present until the later stages of the FBR. Macrophages can interfere with local glucose concentration measurements due to their high metabolism of interstitial glucose. Thus, minimizing these inflammatory cells surrounding the implant is expected to optimize the accuracy of an implantable glucose biosensor. As expected, the largest percentage of macrophages was present at 7 days, decreasing at the later time points (Fig. 3) . The reduction of macrophages surrounding the DN-25% implants after 30 days demonstrated progression from acute inflammation towards resolution. This was similarly observed in the normal healing response elicited by the PEG-DA implants. The apparent increase in macrophage presence around all implants from 30 to 90 days may be due to the qualitatively lower overall cellular density observed at 90 days. Notably, versus the PEG-DA implants with wellestablished biocompatibility, a lower percentage of macrophages were seen surrounding the DN-25% implants at both 30 and 90 days. Thus, the self-cleaning DN-25% membrane could potentially provide a more effective resolution of inflammation than conventional, passively antifouling hydrogels, such as PEG-DA membranes.
The amount of erythrophagocytosis and hemosiderin laden macrophages, macrophages involved in the engulfing and digestion, respectively, of red blood cells (RBCs) from injured capillaries, were also analyzed. The decrease in erythrophagocytosis from 7 days to 30 days (Fig. 3) indicates healing of the capillaries and clearance of any remaining RBCs from the area. The merging of several macrophages into a multinucleated giant cell (MNGC) that tries to engulf the material is a key indicator of an active FBR [40] . However, MNGCs were scarcely present around the thermoresponsive DN-25% implants (<2% at the 30 and 90 day time points) and showed no significant differences from the PEG-DA implants, signifying negligible aggravated inflammation as well as little activation of a FBR.
Lastly, the presence of fibroblasts and fibrocytes was observed over these three time points. In normal resolution, fibroblasts will be recruited to the site of injury shortly after macrophages during the early stages of healing to synthesize fibrous matrix proteins such as collagen. As healing progresses, the presence of activated fibroblasts declines as the number of inactive fibrocytes increases to aid in the later stages of healing and fibrosis [42, 43] . At 7 days, the DN-25% implants showed an abundance of fibroblasts while no fibrocytes were present (Fig. 3) . By 30 days, comparatively more fibrocytes were present than fibroblasts around the DN-25% implants. This shift from predominantly fibroblasts to more fibrocytes was expected for normal healing and was similarly seen surrounding the benchmark PEG-DA implants. Notably, a greater amount of fibrocytes was observed around the thermoresponsive DN-25% implants (~60%) than the PEG-DA implants (~40%) at 30 days which could indicate that the self-cleaning hydrogels exhibited a more advanced healing response. This trend continued after 90 days; however, differences were less pronounced as resolution neared completion, with fibrocytes accounting for~65% of all cells surrounding the DN-25% implants and~55% of the cells around the PEG-DA implants (Fig. 3) . Generally, a more rapid healing response would be beneficial for an implantable biosensor to reduce fluctuations in the local physiologic environment. Overall, by examining the cellular presence of multiple key cell types of the host response, the DN-25% membrane showed the potential to elicit milder inflammation as well as an accelerated healing response when compared to a benchmark biocompatible PEG-DA membrane at both the 30 and 90 day time points.
Fibrous capsule formation
To evaluate the extent of fibrous capsule formation around the implants, the thickness of the fibrous capsule was measured over eight locations around the cross-section of the membranes and averaged over all animals ( Fig. S1 & S3) . At each time point, no significant differences in thickness were seen between the DN-25% and the highly biocompatible PEG-DA implants. For both, the average capsule thickness was extraordinarily thin, never exceeding 25 µm, even after 90 days (Fig. 4a, b) . As reported in our previous study, a rigid PEG-DA cylindrical implant (i.e. prepared from low molecular weight PEG-DA, 575 g/mol, 100%) produced a greater capsule thickness of~45 µm at just 30 days and that of a nanocomposite thermoresponsive membrane was 30 µm [23] . Such a capsule thickness of~30 µm is consistently reported as the thinnest typically seen in most previous literature [6] [7] [8] ) [24] . The observed capsule thickness (~25 µm) is relatively insignificant compared to the estimated biosensor membrane wall thickness (~800-1000 µm). Thus, no major inhibition of glucose is predicted to be observed due to the remarkably thin fibrous capsule surrounding these implants.
While there were no significant differences in fibrous capsule thickness between the DN-25% and PEG-DA implants, a distinction was seen in the cellular organization within the tissue capsule at 7 days. Since fibrosis occurs in the later stages of the FBR (weeks rather than days) [40] , the tissue capsule around the implants at 7 days was primarily an unorganized cellular layer without significant fibrous tissue as expected. However, the innermost cells surrounding the PEG-DA implant appeared to be more organized than those near the DN-25% implant (Fig. 4a) . We hypothesize that the cyclical deswelling/reswelling of the thermoresponsive DN-25% surface resulted in a less organized tissue capsule initially. However, this trend did not continue after 30 and 90 days as fibrosis progressed at which both implant types resulted in a highly organized fibrous capsule that was easily distinguishable from the surrounding native tissue (Fig. 4a, Fig. S4 ).
To further analyze the composition of the fibrous capsules, the presence of other extracellular matrix (ECM) components was examined, including fibrin and collagen as well as neovascularization. Immediately after implantation, a fibrous scaffolding will begin to develop by the polymerization of fibrinogen into fibrin to aid in healing [11] . Fibrin was observed around the DN-25% implants at 7 days and dissipated after 30 and 90 days as expected (Fig. S5A &  Fig. S5C ). Subsequently, activated fibroblasts arriving to the implant site will produce collagen, which was seen as early as 7 days. Initially, the collagen forms a loose structure that overtime densifies with healing [40] . This densification was observed starting at 30 days (Fig. S5B & Fig.  S5C ) and continued to increase at 90 days (Fig. S5C) , showing appropriate healing was able to occur around the thermoresponsive DN-25% implants, similar to the benchmark PEG-DA implants. Moreover, this trend matched the timeline of the cellular response with the highest fibroblast presence at 7 days correlating to a majority of loose collagen and the increase in ratio of fibrocytes to fibroblasts at 30 and 90 days correlating to an increasing presence of dense collagen as fibrosis progresses. Additionally, neovascularization will mainly occur in the early stages of healing and, as the healing proceeds, the amount of vascularization will recede back to the normal levels of the subcutaneous tissue [11] . This expected trend was observed for both DN-25% and PEG-DA implants, where at 7 days a much higher vascularization was present compared to at 30 and 90 days (Fig. S5C) . Moreover, as the capsule densified at 30 and 90 days, the tissue was observed to be more avascular nearest the membrane surface around both types of implants (Fig. S5C) . This low vascular presence confirms the need to minimize the fibrous capsule to avoid inhibition of glucose diffusion.
Healing
Finally, an overall healing score (Table S1) , previously established by the CVP lab [23] , was evaluated independently of the aforementioned data as a more general, semiquantitative analysis of the healing stage at each time point. At 7 days, the DN-25% implants scored between a 1 and 2, similar to the PEG-DA implants (Fig. 5) , indicating both were undergoing early-stage healing defined by the presence of both fibrin and loose collagen as well as the following dominant cellular components: macrophages, fibroblasts, neutrophils and lymphocytes. No major differences in overall healing were observed between the DN-25% implants and the benchmark control at this early time point, possibly due to the acute inflammatory response to injury masking any material-specific differences. However, at 30 days the thermoresponsive DN-25% implants showed slightly more advanced healing (score~5) over the biocompatible PEG-DA implants (score~4). This superior score was mainly due to an increase in dense collagen compared to loose fibrous tissue and a greater presence of fibrocytes compared to fibroblasts surrounding the DN-25% implants. Notably, a score of 4 corresponded to a normal healing response seen between days 30-60, whereas a score of 5 represents a mid-stage healing to healed response typically not seen until day 60-90. This indicates that the DN-25% membrane showed an enhancement over the expected timeframe for a normal healing response as well as the benchmark biocompatible PEG-DA implants. At 90 days, both the DN-25% and PEG-DA implants reached a nearly healed state, each receiving a similar score of~5. As expected, at this time point we saw mainly dense collagen with small amounts of loose collagen and mostly fibrocytes along with some remaining macrophages and fibroblasts. Overall, these temporal healing scores agreed well with the qualitative results for fibrous tissue (Fig. S5C ) and quantitative results for cellular presence (Fig. 3) , further confirming the improvement in healing rate seen around the self-cleaning DN-25% implants over that of the conventional, passively antifouling PEG-DA implants. Thus, this improved healing score is also attributed to the cyclical deswelling/reswelling of the self-cleaning membrane.
Conclusions
Towards improving the longevity of subcutaneous glucose biosensors, we have developed a self-cleaning thermoresponsive hydrogel with robust mechanical properties and an ability to minimize the FBR through cyclical deswelling/ reswelling stimulated by normal fluctuations in body temperature. Designated as DN-25%, this membrane is composed of a tightly crosslinked 1st network of NIPAAm copolymerized with an electrostatic AMPS comonomer at a wt% ratio of 75:25 (NIPAAm:AMPS) and a loosely crosslinked 2nd network of NIPAAm copolymerized with NVP to precisely tune the VPTT. Due to their electrostatic nature and double network structure, DN-25% cylindrical implants (~2.5 × 5 mm, diameter × length) achieved substantially higher strength (>25×) and toughness (>30×) than the conventional PEG-DA hydrogel implants (i.e. a benchmark biocompatible control) while maintaining the same order of stiffness (i.e. modulus) as both PEG-DA and the surrounding subcutaneous tissue. Although the DN-25% membranes exhibited a slightly higher modulus compared to PEG-DA membranes, the severity of the FBR was not increased. At 30 and 90 days post-implantation into the subcutaneous tissue of rats, the DN-25% implants showed milder inflammation as well as an accelerated healing response versus the well-established biocompatible PEG-DA implants. Notably, at these time points, a significantly lower number of macrophages and a higher ratio of fibrocytes to fibroblasts were observed surrounding the DN-25% implants. Thus, the self-cleaning DN-25% membranes demonstrated the potential to promote more effective resolution of inflammation than current passively antifouling membranes, such as PEG-DA implants. By 90 days, an Table S1 ), where ** indicates a significant difference of p < 0.01 extremely thin fibrous capsule of only~20-25 µm formed around the DN-25% implants, similar to that of the PEG-DA implants. This unique combination of a reduction in highlymetabolizing macrophages and the thin surrounding capsule is predicted to better maintain glucose diffusion through the DN-25% membrane. In summary, this self-cleaning membrane provides an opportunity to improve subcutaneous glucose biosensor longevity due to its robust mechanical properties and ability to minimize the FBR.
